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Wireless Sensor Networks (WSN) are Internet of Things (IoT) edge devices. They are becoming 
widely adopted in many industries including health care, building energy management and 
conditional monitoring. As the scale of WSN deployments increases, the cost and complexity of 
battery replacement and disposal become more significant and in time may become a barrier to 
adoption. Harvesting ambient energies provides a pathway to reducing dependence on batteries 
and in the future may lead to autonomously powered sensors. This work describes a simulation 
tool that enables the user to predict the battery life of a wireless sensor that utilizes energy 
harvesting to supplement the battery power. To create this simulator, all aspects of a typical WSN 
edge device were modelled including, sensors, transceiver and microcontroller as well as the 
energy source components (batteries, photovoltaic cells, thermoelectric generators (TEG), 
supercapacitors and DC/DC converters). The tool allows the user to plug and play different pre 
characterized devices as well as add user defined devices. The goal of this simulation tool is to 
predict the battery lifetime of a device and determine the scope for extension using ambient 
energy sources. 
This work was part of a larger EU multi-partner project titled “Residential Retrofit assessment 
platform and demonstrations for near zero energy and CO2 emissions with optimum cost, health, 
comfort and environmental quality” (ReCO2ST). The ReCO2ST project has received funding from 
the European Union’s “Horizon 2020” research and innovation programme under the grant 
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1.1 Project Motivation:  
With the ever increasing push to have a more energy efficient environment, commercial and 
residential buildings are now expected to meet better and higher standards of energy efficiency. 
The introduction of energy harvesting into building energy management (BEM) systems is seen 
as a necessary requirement in order to accomplish these goals. The Irish government recently 
passed legislation with a “Nearly Zero Energy Building” standard. This legislation mandates that 
all commercial buildings built after 31st December 2018 will require renewable energy sources to 
power at least 20% of the primary energy use. Under this regulation, all new residential buildings 
will also require a renewable energy ratio of 20% [1]. 
According to the United States Department of Energy and the European Commission, building 
energy consumption accounts for roughly 40% of total energy consumption across the U.S and 
Europe [2][3]. With the ability to harvest ambient energies, wireless sensor networks (WSNs) can 
be used to monitor lighting, temperature, carbon dioxide levels, humidity and airflow resulting 
in a more informed and energy efficient BEM. 
WSNs are a series of dispersed nodes equipped with one or more sensors that can monitor the 
environment and communicate the sensor data. The accumulation of these devices is known as 





Table 1: Internet of Things projection [4] 
IoT devices are growing at an exponential rate. According to a Statista report, by 2025, there will 
be over 75 billion IoT devices worldwide. One of the biggest challenges that IoT devices face is 
battery life. With so many devices globally, device battery replacement is already set to be a 
major impediment to scaling and ongoing reliable operation. According to the United States 
Environmental Protection Agency, roughly 90% of batteries are recycled [5]. By 2025, that already 
leaves 7.5 billion batteries filling landfills and polluting the earth with the number dramatically 
increasing thereafter. Combine this with the environmental cost of mining the material used and 
the monetary cost of producing so many batteries, it is clear that renewable energy will become 
an even more desirable form of technology. In addition to environmental costs, the maintenance 
cost of replacing each individual battery will encourage the adoption of renewable energy. The 




different components to potentially extend the battery life of the IoT devices offering more cost 
effective, environmentally friendly and energy efficient solutions. 
 
1.2 Energy Harvesting: 
The ability to harvest energy from external sources can be dated back to a time where people 
used windmills and waterwheels. In modern times, electrical energy is the most dominant form 
of energy. Energy harvesting can be seen in everyday objects such as road signs and calculators. 
Having the ability to harvest ambient energy and then convert it to electrical energy efficiently, 
would not only prove to be beneficial to people who live in remote areas but would also have 
potential cost saving measures for large scale WSN deployments by not having to replace 
batteries multiple times throughout the sensors lifetime. Energy harvesting also helps the 
population as a whole, as moving to renewable energy sources positively impacts the 
environment. 
Energy harvesting comprises collecting ambient energy from the environment and either 
converting it into device ready electrical energy or storing it. The environment has readily 
available ambient energy sources. Using such energy reduces the use of batteries or the need for 
mains electricity resulting in a more environmentally friendly system. Energy harvesting can be a 
very beneficial source of energy for WSNs. Depending on the type of device and its power 
requirements, small ambient energy sources have the capability of supplying power to low-
power devices. However, even if the ambient energy cannot completely power the device, 
energy harvesting can still be used to extend battery life. 
An energy harvesting circuit requires three main elements, energy harvesting transducers, 
energy storage devices and power management. The energy harvester converts the ambient 
energy into usable electrical energy. The energy storage device such as a battery or 
supercapacitor stores the collected energy. The power management efficiently controls the 
generation, storage and use of power and includes functions such as Maximum Power Point 




being transferred to the circuit from the EH transducer at any given time while the DC-DC 
converter converts a source of direct current from one voltage level to another. These 
components allow the EH devices to efficiently transfer power to the load or the storage device 
through impedance matching. 
 
Figure 1: Energy Harvesting WSN 
 
There are a number of different types of energy sources used in energy harvesting, such as 
vibration, light, thermal, kinetic and RF energy. The two types of energy harvesting components 
included in this tool are photovoltaic cells (PV) and thermoelectric generators (TEG).  PV cells 
were selected as the obvious choice in an office environment to power wall mounted sensors. 
TEGs can be utilized to harvest waste energy from heaters, engines, furnaces, radiators, etc., or 
even exploit temperature gradients e.g. between a window and the ambient air. 
 
1.2.1 PV: 
The photovoltaic effect was first discovered in 1839. This effect occurs when light is absorbed by 
a material creating an electrical voltage. The first ever PV cell to use this effect operated with an 
energy conversion rate of 1-2%. Modern PV cells mostly use silicon to create this effect with an 
efficiency of ≈ 20%. However, some technologies can operate as efficiently as ≈ 45% [6]. With 
silicon based PV cells, two thin slices of silicon are put together. The slices are then “doped” 
(process in which other materials are added to the silicon in order to give it a positive or negative 
electrical charge).  When light hits the PV cell, a photon knocks an electron free. These moving 






Figure 2: Photovoltaic Cell 
[8] 
 
Figure 2 shows a typical PV cell. PV cells are used for a whole range of different applications and 
sizes from commercial and residential buildings, to calculators and children’s toys. Indoor light 
levels fluctuate considerably and cannot produce as much solar energy as outdoor light, 
therefore PV cells on their own are generally unable to power electric circuits reliably, and 
because of this, these circuits are often powered from a secondary battery or super-capacitor 
that is re-charged by the PV Cell. 
 
1.2.2 TEG: 
The Seebeck effect is a phenomenon in which a voltage difference is produced between two 
dissimilar conductors or semiconductor plates when at different temperatures. When heat is 
applied to one side of the TEG electrons flow more easily to the colder side resulting in electrical 
current flow. The output power of the device is a function of the size and temperature difference 
between the plates. Usually when TEGs are considered for energy harvesting, multiple parts are 
used in series. This is because a temperature gradient of 1 degree between the two plates creates 
only a few microvolts. This type of energy harvester is most useful on a physical heat source such 
as engines, heaters or the back of a large PV panel. Modern vehicle engines lose up to 65% [9] of 




harvested and recycled. However, there are some challenges in trying to keep the cool side of 
the component cold. This can be done through the use of heat sinks. Heat sinks work by 
transferring the heat generated by the component to a fluid medium, often air or liquid coolant. 
The size dimensions of the heat sink are entirely dependent on the size of the component and 
the heat generated. Figure 3 shows a thermoelectric generator. 
 
Figure 3: TEG [10] 
 
1.3 Energy Storage Unit: 
The energy storage devices most commonly used in energy harvesting systems are 
supercapacitors and rechargeable batteries. There are typically two types of batteries, primary 
and secondary. Secondary batteries can be recharged multiple times whilst primary batteries are 
single use storage devices. The main problems with rechargeable batteries is that they can be 
quite expensive, they have a limited number of charge/discharge cycles, have a higher leakage 
current and, if they are left idle for too long, the maximum charge available is reduced. 
Capacitors consist of two conductors separated by an insulator which stores electrical energy. 
Supercapacitors are different to regular capacitors because supercapacitors do not use the 
conventional solid dielectric, instead, they use electrostatic double-layer capacitance or 




plates with a smaller distance between those plates. Supercapacitors have as much as 10x the 
power density of rechargeable batteries, however, their energy density is only around one tenth 
of comparable size rechargeable batteries [11]. Energy density is the amount of energy in a given 
volume whereas, power density is the amount of power in a given volume. These differences 
result in batteries being able to store more energy in the same amount of space, however, the 
supercapacitor can give off energy more quickly. This also allows the supercapacitor to recharge 
much quicker than a battery. This is why supercapacitors can be very beneficial when using EH 
devices to power a WSN.  
Supercapacitors are much easier to charge than rechargeable batteries as they only require a 
charge current and over voltage protection as opposed to rechargeable batteries which requires 
constant-voltage and constant-current [12]. Because most energy harvesting WSNs use low-
power energy harvesters, supercapacitors are an ideal storage device, however for long term 
devices, an additional primary battery is sometimes required due to leakage current in the 
supercapacitor over time and to assist with cold-start, re-starts, prolonged absence of ambient 
energies, etc. A more detailed discussion on energy storage devices is provided in table 3 in 
chapter 2. 
 
1.4 Power Management: 
Harvesting from these types of ambient energies is still difficult as each of these require an 
additional power conversion circuit to efficiently harvest, store and convert that energy into 
usable electrical energy. Power management is a key element in designing energy harvesting 
systems. In this thesis, the main focus will be on two types of power management, maximum 
power point tracking (MPPT) and DC/DC converters. 
MPPT, as the name suggests, is a technique that dynamically adjusts the load impedance to 
ensure the device is operating at its maximum output power. There are a number of different 
MPPT algorithms, which will be discussed later. Some of these require a microcontroller to 




microcontroller requires power thus reducing overall system efficiency. Other techniques such 
as “FOCV” (Fraction Open Circuit Voltage) are simpler to implement as they do not require 
complex algorithms running in a microcontroller. They do not track as accurately, but often prove 
to have the best system efficiency taking the microcontroller power consumption into account. 
1.5 Project aims and objectives: 
The software application discussed in this thesis is an energy harvesting simulation tool for 
applications using battery powered sensors. The main objective of this project is to create a piece 
of software that can accurately simulate a real-life WSN node that uses an energy harvesting 
system. 
This software tool enables people to optimize energy harvested powered end nodes, by easily 
identifying the optimized selection of key system blocks (Power Management IC, Energy Storage, 
etc.) as a function of battery life. The user can determine if the available ambient energy can 
usefully extend battery life, without necessarily understanding the underlying complexities. In 
addition it can also be used by circuit designers to understand the impact of various power system 
blocks on overall battery life.  
This tool will encourage the use of ambient energies, whether that is in applications that would 
greatly benefit from the reduction of batteries used or expanding what is possible in hard to 
reach areas such as medical implants.  
1.6 Report Structure: 
This thesis will first present a literature review of the current knowledge and findings regarding 
WSNs that utilize EH methods, Energy Harvesting Wireless Sensor Networks (EH-WSNs). Chapter 
3 will discuss the system architecture of the simulation tool. It will also show the data templates 
and structure for gathering and characterizing components in a way that the software can easily 




Each section in this chapter examines all of the different components that create an EH-WSN. It 
will encompass how each of the EH devices, ES devices, power management components and 
loads were tested, characterised and loaded onto the system. 
Chapter 4 shows a comparison between a real-world test and software simulation, showing the 
accuracy of the tool and explaining the equations used to predict the lifetime of the device.  
Chapter 5 then concludes the thesis by discussing the findings and proposing several possible 
directions for future work. 
The overall layout structure of the thesis can be found in figure 4. 
 












The main focus of this thesis is to create a simulation tool for energy harvesting wireless sensor 
networks. This work focuses on two of the main types of energy sources commonly used in 
wireless sensor networks, light and thermal energy.  
This chapter will review the current scientific research of energy harvesting technologies, energy 
storage devices and wireless sensors networks and is divided in 6 sections. The first section will 
discuss the different types of sensors commonly associated with wireless sensor networks. The 
second section will present different types of energy harvesting technology and ways of 
extracting the maximum possible energy. The third section will layout the different types of 
energy storage. The fourth section will discuss the DC-DC converters used for power matching a 
WSN node circuit. The fifth section will present the different types of WSN simulators currently 
available and what they offer to users. The final section will draw conclusions from the 
information shown in this literature review chapter and illustrate the importance of this tool. 
 
2.2 Wireless Sensor Network: 
Wireless sensor networks (WSNs) consist of nodes that monitor and transmit data. Each node is 
wirelessly connected to a central device that collects and records the incoming data. WSNs 
typically monitor, but are not limited to, environmental conditions such as temperature, air, 
water quality, light and sound levels. WSNs can be versatile so the type of data depends on the 







Figure 5: WSN [13] 
 
Figure 5 shows a typical block diagram of a wireless sensor node. The “Sensing Unit” block 
contains the sensor (thermometer, lux meter, IR sensor, etc.) that transfers the sensor data to 
the microcontroller, which stores that data until it is ready to be transmitted to the main node. 
Each node in the network is powered by its own power source. In most cases it is a non-
rechargeable battery.  
WSNs have a wide range of applications. As discussed in the introduction, they can be valuable 
in building energy management systems [14], but they are also widely used in other areas such 
as body sensors for medical applications [15], tracking and localizations [16], aircraft monitoring 
[17], vehicle monitoring [18], agriculture [19], and generic sensor networks [20]. 
With the focus of this thesis encompassing EH, the power source block is the most important 
one. The number of nodes in a network can vary from a few to a few thousand. Having batteries 
in each of these nodes is costly and time consuming to replace. 
In recent years there has been a major effort to enhance the capabilities of WSNs such as 
reducing the power required and creating more energy aware sensor nodes [21] [22] [23]. With 




introduce the use of energy harvesting to offset some of those problems. However, the 
introduction of energy harvesting into these systems introduces various design questions such as 
“what is the best energy harvesting technology to use?”, “what type of energy storage is best 
suited?”, “what is the best way to manage this harvested power?”  
This literature review will discuss these questions and compare the results of this thesis with the 
current scientific research. 
2.3 Energy Harvesting Unit: 
With the growing number of WSNs in operation and growing desire for more power, WSNs need 
to look beyond batteries to extend their lifetime. In this section, two of the most popular 
methods of energy harvesting [24] will be presented along with the different methods of power 
management. 
 
2.3.1 PV Cell: 
A PV cell is a semiconductor device that converts solar energy into electrical energy. When 
photons collide with the atoms in the material, they transfer their energy to the loose electrons 
in the PV cell creating electrical current. The electrical output properties can be characterized by 
an I-V curve [25]. 
 




The I-V curve shown in figure 6 is a graphical representation of the relationship between the 
current sourced by the photovoltaic cell and the voltage produced. In order to acquire this graph, 
the open-circuit voltage (Voc) and the short-circuit current (Isc) must be found. When the PV cell 
is disconnected from any load and currently operating as an open-circuit, the voltage across the 
device is at its maximum while the current is at its minimum. When the PV cell is then short-
circuited, the opposite occurs where the current is at its maximum and the voltage at its 
minimum. One way of finding the values that connect these two points is to attach a voltmeter 
and ammeter to the PV cell circuit shown in figure 7. Supply the PV cell with a known Lux value 
and vary the load on the circuit. Figure 6 also shows a P-V curve (Power-Voltage), which is 
obtained by multiplying the current and voltage values. This curve is used to find the maximum 
power point in the device. 
 
 
Figure 7: PV Cell Test Setup 
 
Looking at the P-V curve shown in figure 6, the maximum power point can be seen as the point 
at which the voltage and current in the circuit are producing the maximum possible power. Due 
to the varying environmental conditions associated with harvesting ambient energy, a maximum 
power point tracker (MPPT) is necessary to increase the efficiency of the PV cell and maintain a 
stable output power by matching the load to the source for maximum power transfer. An MPPT 




changes, the impedance of the PV cell also changes, thus requiring the matching circuit to be able 
to adapt to such changes.  
 
Figure 8: Change of Output Power for different light levels 
 
However, there are multiple types of MPPT controllers, each having their own advantages and 
disadvantages depending on the type of application [27].  
According to current research the “perturb and observe” and other “hill climbing” methods [26] 
are considered to be the most efficient in obtaining the maximum power point [28]. In this 
section, two types of MPPTs will be compared, “Perturb & Observe” (P&O) and “Fractional Open-
Circuit Voltage” (FOCV).  
 
2.3.1.1 Perturb & Observe: 
Different MPPTs use different algorithms with the same goal to automatically find the voltage 
and current that delivers the maximum available power produced by the PV cell. The P&O 
algorithm can be explained using the flowchart in figure 9. This method measures both the 
voltage and the current of the PV cell. The controller then modifies the operating voltage or 
current of the cell until the maximum output power is achieved [29]. As an example, if the 




controller will repeatedly increase the operating voltage until the output power begins to 
decrease. Once this happens the controller will then decrease the operating voltage. The 
algorithm will then oscillate around the maximum output power until it stabilizes [30]. The 
algorithm can be modified to change the step size of the controller. Reducing the step size can 
help the MPPT be more accurate, however, the more steps that the tracker is using to find the 
MPP, the more power it consumes. This is the biggest drawback of using P&O as the MPPT. 
 
Figure 9: P&O Algorithm 
 
An example of this algorithm is shown in figure 9 and works by measuring the voltage and current 
at some time “k”. The power is then calculated from these values and compared with the 
previous measurement. If the power value is greater at time “k”, this makes ΔP greater than 0. 
The voltage at “k” and “k-1” is then compared and the results determine whether to increase or 
decrease the module voltage. These steps are then repeated to ensure the maximum power is 





While this algorithm is widely used for higher power applications, it typically consumes far too 
much power (10-100mW) rendering it unusable for sub-mW WSN applications that use small-
scale indoor PV cells [31]. 
 
2.3.1.2 Fractional Open-Circuit Voltage: 
The fractional open-circuit voltage method is based on the fact that the voltage of the PV cell at 
the maximum power point is approximately linearly proportional to the open-circuit voltage. The 
equation used in finding the maximum power point voltage is as follows: 
𝑉𝑀𝑃𝑃  ≈  𝐾1 ∗  𝑉𝑂𝐶       (1) 
Where K1 is the proportional constant for the voltage factor and VOC is the open-circuit voltage. 
This constant typically has a value range from 0.7-0.9 depending on the overall characteristics of 
the PV cell [32] [33]. This value can usually be found in the component’s datasheet. Due to this 
voltage factor remaining nearly constant for change in light levels and temperature, the 
measured open-circuit voltage allows for an accurate value of the maximum power point voltage 
[33]. The current level at the maximum power point can be calculated using equation 2. 
𝐼𝑀𝑃𝑃  ≈  𝐾2 ∗  𝐼𝑆𝐶       (2) 
Where 𝐾2 ranges from 0.78-0.92 [34] and ISC is the short circuit current. These values can be used 





Figure 10: FOCV Algorithm [35] 
 
An example of the FOCV algorithm is shown in figure 10 and begins by measuring the voltage 
generated by the device and the open-circuit voltage. The open-circuit voltage is then multiplied 
by a constant KV to determine the MPP voltage. This reference voltage is compared to the 
measured supply voltage and depending on the outcome, the load impedance is changed to 
either increase or decrease the voltage across the load to match the MPP reference voltage. 
In order for this algorithm to work an additional switch needs to be added to the system to 
periodically interrupt its normal operation. The load is disconnected as the open-circuit voltage 
is measured. This measurement is stored in a hold circuit to act as Vref on the control loop [36]. 
The frequency and duration of the measurement process has a direct effect on the accuracy of 
the estimated maximum power point voltage. Higher frequencies provide more accurate open-
circuit voltage values but increase power consumption of the MPPT circuit [33]. 
As the popularity of solar power increases more and more funding is generated with the goal of 




limit the efficiency of the PV cell which reduces the amount of output power generated by these 
cells, such as, light intensity, cell size, cell type and temperature. 
PV Cell Type 
Efficiency 
rate 





rate; optimized for 
commercial use; 
high lifetime value 





~15% Lower price 
Sensitive to high 
temperatures; Lower 
lifespan & slightly 









costs; easy to 
produce & flexible 




Table 2: Comparison of different PV Cell types [37] 
 
2.3.2 Thermoelectric Generator: 
When considering deployment for a WSN, light may not be an available ambient source of energy 
for a particular location. Other forms of ambient energy sources need to be considered. Another 
popular energy harvester for WSN are TEGs. These devices are ideal when operating in locations 
such as mechanical rooms that contain devices such as boilers, water pumps, and heat exchange 
units. The temperatures radiating from these large scale devices sometimes contain enough 
energy to be harvested by TEGs and converted to usable levels of electricity. Smaller temperature 
gradients can also be used, from electronic goods to temperature gradients at walls or windows. 
Thermoelectric generators work by taking advantage of the Seebeck effect which directly 
converts temperature difference into electricity. The typical structure of a TEG module is 
illustrated in figure 11. When heat is applied to one of the two conductors, the temperature of 




flow. When a temperature difference exists on the multiple P-N junctions, a potential voltage 
difference between the hot and cold surfaces occurs [38]. 
 
Figure 11: Seebeck Effect [38] 
 
However, depending on the power requirements of a WSN, a single TEG device may not have the 
capabilities to harvest enough energy to the power the device. In this case, multiple TEGs can be 
connected in series in order to generate high voltage levels or a step-up DC/DC converter can be 
used. 
The main design issues when considering a TEG for WSN are types of material, and the number 
and size of TEG devices. Most TEGs have the ability to output a voltage level in the range of 10mV 
to several hundred millivolts [39]. Depending on the number of TEGs used, an ultra-low voltage 





Figure 12: TEG WSN [39] 
 
2.3.2.1 Step-up Converter: 
J.M Gruber and S. Mathis presented a new boost converter for TEG devices that could output 
3.6V with increased efficiency at low input voltages of a few 10mV [40]. Their prototype operates 
at an input voltage level of roughly 15mV with an efficiency of 45%. When the input voltage is 
increased to 120mV, the efficiency rises to 74%. A block diagram of the boost converter can be 
found in figure 13.  
 




The converter has two separate stages. Stage 1 allows for a cold start with an operating input 
voltage of 36mV. The circuit in stage 1 contains a self-resonant oscillator connected to a voltage 
doubler. The voltage doubler charges capacitors from the input voltage and then switches these 
charges to ideally double the voltage produced at the output. 
 
Figure 14: Stage 1 of Gruber boost converter [40] 
 
The circuit in stage 2 contains the main converter, a triangle wave generator, comparator and an 
error amplifier. A pulse width modulated signal is generated on the N-FET V1 when the main 
regulator control blocks are switched on. This then turns on the main regulator and allows current 





Figure 15: Stage 2 Gruber boost converter [40] 
 
From their measured results, their prototype reaches a high efficiency at 15mV which is ideal for 
low voltage TEG devices. The converter can start directly from a 36mV input voltage while 
delivering an output voltage of 3.6V. When the prototype was tested at a 3K temperature 
difference, the step-up converter delivered 802µW while operating with an efficiency of 62% 
[40]. 
 
For commercial-off-the-shelf boost converters, Linear Technology offer an ultra-low voltage 
boost converter, LTC3108 [41]. This integrated circuit uses a normally-on MOSFET and a resonant 
oscillator scheme with a small external step-up transformer. With an additional external charge 
pump capacitor coupled to the oscillator and a rectifier, this device can provide an output voltage 






Figure 16: Analog Devices LTC3108 schematic [41] 
 
Taking the results from the datasheet, it can be seen that the main disadvantage with this 
converter is its efficiency. The LTC3108 has a peak efficiency of 40% at 70mV which then 
decreases to 10% at an input voltage of 250mV [40]. Compared to the Gruber-Mathis design, the 
LTC3108 falls behind in efficiency. 
 
2.3.2.2 Maximum Power Point Tracker for TEGs: 
The magnitude of a TEG’s open-circuit voltage is directly proportional to the temperature 
difference. Similar to photovoltaic cells, the most conventional MPPT method is P&O [42] [43]. 
The main difference in using these algorithms for PV systems is that, for PV systems the 
relationship between the cell’s voltage and current levels are logarithmic, while for TEGs, the 





Figure 17: TEG I-V Curve & P-V Curve [44] 
 
From figure 17, the maximum power values can be obtained by the following equations: 
𝑉𝑀𝑃𝑃  ≈  
𝑉𝑂𝐶
2
                   (3) 
𝐼𝑀𝑃𝑃  ≈  
𝐼𝑆𝐶
2
      (4) 
The FOCV method for MPPT is the favored approach when it comes to obtaining the maximum 
power from sub-mW harvesters. However, while measuring the open-circuit voltage and the 
short-circuit current during operation, no energy flows through the system because the 
converter needs to be disconnected. A paper written by Andrea Montecucco and Andrew Knox 
proposes a measurement technique that measures during the normal switching of the converter, 
with a “minimal reduction in collection efficiency” [44]. A schematic of their proposed circuit can 





Figure 18: Buck-Boost converter schematic [44] 
 
Under normal operating conditions of the system, Mcap is closed and Cin adds to the input 
current required by the converter. When the system needs to measure the open-circuit voltage, 
Mcap is opened and the TEG is disconnected from the rest of the system. During this time, the 
current is unable to flow through Cin, causing the terminals of the TEG to rise to the open-circuit 
voltage level. This typically takes tens of nanoseconds [43]. A microcontroller is timed to measure 
the voltage level of the TEG. This process can take between 0.1 s and 1 s [44] which is faster than 
disconnecting the converter until the voltage in Cin reaches the open-circuit voltage (typical 
method of measuring Voc). While using a Buck-Boost converter with an efficiency of 93%, their 






2.4 Energy Storage Unit: 
WSNs provide an elegant solution to the problems encountered when tackling mass scale 
monitoring. The elimination of wires and the need for grid connected devices opens up the 
possibility of monitoring harsh or hostile environments where wired networks can’t be deployed. 
However, energy storage in WSNs is the biggest hurdle to overcome when discussing cost and 
maintenance fees due to many networks having nodes in the thousands. Even with a suitable 
energy harvesting device, an energy storage unit (ESU) is essential in order for a sensor to operate 
and provide a continuous and reliable stream of data when ambient energy can no longer be 
harvested. The two types of storage devices that will be discussed in this section are 
supercapacitors and batteries.  
 
2.4.1 Supercapacitor: 
Depending on the types of sensors used and the type of data required, power requirements for 
WSNs can be different. Supercapacitors, also known as ultracapacitors or double-layer 
electrolytic capacitors, are commonly used in energy harvested WSNs as they have a higher 
power density than batteries and can operate without the need for additional charging circuitry. 
They also have a long operational lifetime, with charging and discharging of the device having 
little to no effect [45]. Inside the capacitor are terminals connected to two metal plates. The 
plates are separated by a thin layer of separator. One side is then filled with an electrolyte. This 





Figure 19: Capacitor diagram  
 
The supercapacitors charge and discharge process is entirely electrostatic, meaning no chemical 
reactions occur inside the supercapacitor [47]. Due to this fact, the charge and discharge cycle 
should run indefinitely. Many supercapacitor datasheets provide charge cycle values of 100s of 
thousands. Commercial-off-the-shelf supercapacitors usually claim a lifetime of between 10-20 
years under normal operating conditions [48]. 
Supercapacitors possess orders of magnitude higher energy density than conventional 
capacitors. Using a porous activated carbon electrode allows supercapacitors to achieve a high 
surface area. They also have quite a low equivalent series resistance (ESR) compared to batteries. 
Lower ESR means less energy is wasted through losses such as heat. Supercapacitors can provide 
much higher power density level because of such a low internal resistance. Supercapacitors have 
a much higher capacitance rating that conventional capacitors. The capacitance of a 




The capacitance of a capacitor is given by the following equation: 
 
𝐶 =  
𝑘 ɛ 𝐴
𝑑
        (5) 
 
Where k is the relative permittivity, ɛ is the permittivity of free space, A is the surface area of the 
plates and d is the distance between the plates. What gives the supercapacitor such a high 
capacitance value is its large plate surface area and reduced distance between them.  




                   (6) 
 
 
2.4.1.1 Charge / Discharge: 
One of the key benefits of using supercapacitor technology is its ability to charge and discharge 
a large number of time and charging times can be as little as a few seconds. A capacitor charging 
circuit can be represented as follows: 
 




The equation used to calculate the voltage across a supercapacitor is given by: 




))                    (7) 
Where VC is the voltage across the capacitor, VS is the supply voltage, t is the elapsed time and 
RC is the time constant given by the resistor value and the capacitance of the supercapacitor. 
Hence, the voltage across the supercapacitor over time is demonstrated in figure 21. 
 
Figure 21: Capacitor charging voltage over time 
 
 
To calculate the capacitor voltage when discharging, this equation is used:  
 









Similar to the charging graph that slopes upwards, requiring more and more time to increase in 
voltage, the discharge graph has a steep initial downward curve. The supercapacitor loses voltage 
quite quickly in the beginning but slows down the lower the voltage level becomes. 
 
 
Figure 22: Capacitor discharging voltage over time 
 
2.4.2 Batteries: 
When it comes to WSNs, using batteries to power nodes can be very challenging, as batteries 
have a finite amount of charge and, if using a rechargeable battery a limited number of charge 
cycles. With a lot of WSNs begin deployed in harsh, hostile or difficult to reach environments, 
having to change batteries multiple times throughout the nodes lifetime can be extremely 
difficult and expensive, especially if it is a large-scale network. This section will show some current 
understanding of batteries used in WSNs with the main focus on powering nodes using a battery-




2.4.3 Batteries vs Supercapacitor: 
A comparison between supercapacitors and batteries is shown in table 3. The main difference 
between the two types of energy storage devices are energy and power density. A supercapacitor 
has a much higher power density than a battery but has a considerably lower energy density [49]. 
 
Figure 23: Specific Energy & Specific Power of different energy storage devices [50] 
  
The specific energy is given by: 
𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝐸𝑛𝑒𝑟𝑔𝑦 =  
𝑉 𝐼 𝑡
𝑚
                 (9) 
Where V is the voltage, I is the current, t is time and m is mass in kg. 
 
The specific power is given by: 
𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑃𝑜𝑤𝑒𝑟 =  
𝑉 𝐼 
𝑚
                (10) 
There has been a lot of research into using battery technology with WSNs. Table 3 is a list of 




























Charge Cycles > 500,000 > 1 million > 100,000 < 1,000 5,000 
Lifetime > 10 years > 15 years > 10 years 5 years > 25 years 
Voltage Rating 2.5 V 5.5 V 4.1 V 3.7 V 3.6 V 






Dia: 10mm          
L: 21.5mm 
W: 39mm          
L: 14mm            
H: 2.4mm 
W: 50mm        
L: 25mm          
H: 0.2mm 
W: 45mm          
L: 32mm          
H: 8.1mm 
Dia: 14.5mm   
L: 50.1mm 
Energy Density 6.1 J/cm3 6.9 J/cm3 145 J/cm3 1300 J/cm3 1900 J/cm3 
Self-Discharge Max. 30μA Max. 10μA Max. 1μA 
< 1% per 
month 
< 0.1% per 
month 
ESR 290mΩ 70mΩ 50-75Ω 50-200mΩ 250mΩ 
Operation Temperature -20 ~ 70°C -40 ~ 85°C -20 ~ 70°C -20 ~ 70°C -40 ~ 85°C 
Unit Cost $2.50  $12  $5  $15  $50  
Comment 


















Table 3 compares state of the art supercapacitors, thin-film, rechargeable and non-rechargeable 
batteries. This data shows that supercapacitors have longer lifetimes than both rechargeable and 
non-rechargeable batteries when under normal operating conditions. The supercapacitors also 
have a significantly higher number of charge cycles compared to the batteries. However, the 
supercapacitors do have a much higher leakage current which requires them to be recharged 
more often. The ESR values in the supercapacitor is much lower than the thin film battery. 
Unsurprisingly, the batteries do have a much higher energy density which was shown in figure 
23. From this data, a battery’s lifetime could be extended by utilizing a supercapacitor to deliver 
transient power to the WSN. Fewer pulses of power drawn from the battery enables it to operate 
more efficiently and increases the number of charge cycles possible. 
While there are constant upgrades to current technology, reducing the power consumption 
required by WSNs [52] and improving the efficiency of the radio transmitting and receiving [53], 
it still seems that currently the optimum method of powering a WSN which is cost effective and 
more environmentally friendly is to use a supercapacitor-battery hybrid model [54] [55]. 
2.5 Ultra-Low Powered DC-DC Converters: 
The sensor in a WSN node requires a constant voltage level when in operation, meaning that the 
voltage received from the ESU needs to stay at a constant level. As the voltage in the ESU is 
constantly changing, an additional component to the circuit is required for continuous operation. 
This is a where a DC-DC converter is used. The purpose of a DC-DC converter is maintaining a 
constant voltage on the output regardless of the voltage on the input. These components are 
more important with supercapacitors than batteries.  In a normal operating WSN the charge 
levels in the supercapacitor or battery are constantly changing. Hence, an ultra-low powered DC-
DC converter is required to interface the energy storage unit with the load. Depending on the 
size of the load and the energy storage unit, different types of DC-DC converters can be used. 
These types include buck, boost and buck-boost. The goal of a buck converter is to reduce the 
input voltage to a lower constant output voltage, while the boost converter does the opposite. 
The buck-boost converter has the ability to perform both of these actions depending the input 




For WSNs that require low power, quiescent current is a huge factor when deciding on which 
model of DC-DC converter to choose from. Texas Instruments offer ultra-low powered DC-DC 
converters with quiescent currents ranging from several hundred nanoamps to several 
microamps [56]. 
2.6 Simulators: 
Simulation tools to aid in the improvement of WSN are increasingly being used to test new 
applications and protocols. A paper written by Harsh Sundani et al. [57] documented a survey 
completed by his team on currently available simulation tools. WSNs can be very environment 
and application specific, meaning that it is very difficult to create an application that fits all. When 
designing a simulator, a whole range of factors need to be considered such as, sensor type, 
environment, number of nodes, type of transceiver/receiver and what type of protocols to use. 
They created an extensive survey and comparison of the most popular WSN simulators [57]. 
These simulators can be incredibly powerful. Castalia for example, has the ability to represent 
different sensing devices (e.g. temperature, light, pressure, acceleration), while (J)Prowler 
focuses on modelling all levels of the communication channel and the application. However, since 
each simulator has its own main area of focus, this results in limitations in the simulator. A sample 
list of the simulator’s programming language, key features and limitations can be found in table 
4. 
While these simulators are designed for WSNs, they don’t take into account the use of energy 
harvesters. There are a significant number of papers dedicated to modelling and simulating of 
energy harvesting components. Yunus Emre Yagan et al. took a PV cell unit and mathematically 
modelled it and simulated its behavior under different conditions in Matlab/Simulink [58]. 
Alexander Korotkov et al. simulated the behavior of TEGs using the ANSYS Workbench software 
platform [59]. There are also simulators of supercapacitors and other energy storage devices [60] 
that can be incredibly accurate. However, all of these simulators are separate entities and do not 
have the capability to interact with each other. A simulation tool that closely follows the work 








Key Features Limitations 
SENS [70] C++ 
• Platform-independent. 
• Users can assemble 
application-specific 
environments. 
• Defines an environment as 
a grid of interchangeable 
tiles. 
• Not accurately 
simulate a MAC 
protocol. 
• Provides support for 
sensors, actuators, 
and physical 
phenomena only for 
sound. 
Castalia [71] C++ 
• Physical process modeling, 
sensing device bias and 
noise, node clock drift, and 
several MAC and routing 
protocols implemented. 
• Highly tunable MAC 
protocol and a flexible 
parametric physical 
process model. 
• Not a sensor specific 
platform. 
• Not useful if one 
would like to test code 
compiled for a specific 
sensor node platform. 
SENSE [72] C++ 
• Balanced consideration of 
modeling methodology and 
simulation efficiency. 
• Memory-efficient, fast, 
extensible, and reusable. 
• Not accurate 
evaluation of WSN 
research. 
• Lacks a 
comprehensive set of 
models. 




Matlab / Java 
• Probabilistic wireless 
sensor network simulators. 
• (J)Prowler provides an 
accurate radio model. 
• Provides only one 
MAC protocol, the 
default MAC protocol 
of TinyOS. 
Table 4: List of different WSN simulators 
RoWBUsT is a tool that was designed to get high efficiency in terms of quality of service and 




components in its software. The tool simulates the lifetime of a TelosB mote and allows a user to 
determine the duty cycle of the mote, the size of the PV cell attached to it, the power 
management IC, the size of the supercapacitor storing the energy and the length of time that the 
simulation can run for.  
 
Figure 24: RoWBUsT GUI 
 
Once the components have been selected, a graph presents the data in the form of the voltage 
level in the supercapacitor over time for the length of the simulation. The components can then 
be modified until the desired outcome has been achieved. 
 
2.7 Literature Review Conclusion: 
After reviewing the current literature surrounding EH-WSN, it is clear that a lot of advancements 
have been achieved in this field over recent years. The further development of photovoltaic cells 
and thermoelectric generators is allowing for a much broader range of use cases for these 




the use of lower powered MPPT, the power conversion to the energy storage devices is becoming 
more and more efficient. With renewable energy expanding into all types of industries, the effort 
and capital spent trying to improve energy storage devices are increasing. With houses, buildings 
and vehicles all trying to be more and more renewable energy dependent, the energy density of 
these storage devices is constantly increasing. While harvesting energy and storing it are 
important, how that energy is transferred throughout the circuit has the potential to vastly 
increase the efficiency of WSN. The J.M. Gruber and S. Mathis DC-DC converter show that while 
industry standard DC-DC converter are still acceptable components in any WSN, new technology 
being developed will exceedingly improve the level of efficiency that energy converters have.  
Reviewing the current simulators that revolve around WSN, the problem that is most prevalent 
is that they take a very narrow view and very application or device specific approach to simulating 
a WSN. The ReCO2ST tool presented in the following chapters, allows for a “plug and play” 
approach. Uniquely, the tool described in this work allows the user to define their own system 
components to undertake bespoke simulations specific for their application. Once the data 
templates provided with the software are completed properly, any PV, TEG, supercapacitor, DC-
DC converter or sensor node can be simulated. 
As the desire and need for EH-WSN increases, a simulation tool that has the capability to simulate 
the lifetime of a sensor with different components will become much more beneficial to reduce 

















The simulation tool outlined in this section was built using ElectronJS (JavaScript library), HTML 
and CSS. The software has multiple components already built into the system but the main 
feature that this simulation tool offers is the ability to add new components to the system. The 
application performs a simulation with the data provided by the user, which simulates the 
difference in the sensor node’s lifetime between being powered by batteries versus utilizing 
energy harvesting methods to extend the battery life. Figure 25 presents the “home” screen of 
the Graphical User Interface (GUI). Each button at the top opens up a window for the user to 
modify the simulation inputs. 
 
 





The simulation then presents a dynamic line graph of the voltage level in the energy storage 
device over a 1 week period. For seamless power to the load, the voltage in the supercapacitor 
needs to stay above a given threshold. Once the simulation is complete, it can then be run for an 
unlimited number of times, comparing different component type and sizes. This feature allows 
the user to find the optimum power management setup for their device, whether they want to 
extend the battery’s lifetime or eliminate the need for batteries all together. 
 
3.2 Data Structure 
 
To reliably provide power to low-power sensor networks, certain building blocks are required. At 
sub-mW levels, ambient energy harvesting methods, such as photovoltaic cells and 
thermoelectric generators, become more feasible. Due to the varying environmental conditions 
associated with harvesting ambient energies, a maximum power point tracker (MPPT) is 
necessary to optimize the efficiency of the energy harvester for a given set of conditions by 
matching the load to the source. 
Energy storage devices such as supercapacitors and rechargeable batteries are used to power 
the device when the ambient energy is not available. As the voltage on the storage device is 
changing on an ongoing basis depending on charge/depletion stage, a DC-DC converter is 
necessary to maintain a stable output voltage to the load. 
With the goal of this software to provide reliable lifetime calculations for WSNs, it needs to be 
able to take data from all sorts of components. To accurately use different components and 
determine their performance, it is essential that they are characterized in a uniform and 
standardized manner and under conditions that reflect real-life operating scenarios. By doing 
this, an extensive array of components can be catalogued and stored in the software for 





For each component type available in this software there is an accompanying data template to 
be completed with characterized data from which the simulation tool can then read and add to 
the software to compare with other components. 
 




In this section, the method used to characterize the photovoltaic cells is presented, 
demonstrating the test setup and the results for the different material types and lights levels. A 
description of how the MPPT is used in this simulation is also be explained. The results are then 
used to complete a data template that is fed into the simulation tool to be simulated for different 
EH-WSN parameters. 
Two types of photovoltaic cells were characterized. A monocrystalline PV cell, SLMD600H10L 
[74], manufactured by IXOLARTM and an amorphous PV cell, AM-1801CA [75], manufactured by 




3.3.2.1 Test Setup 
 
Both PV cells were characterized under the same conditions using the same test equipment and 





Figure 26: Circuit Setup 
 
The goal of this test setup was creating I-V & P-V curves for each PV cell while under different 
lighting levels and different indoor light sources. To do this each PV cell was connected to a 
variable resistor. To ensure accuracy when measuring light levels, the circuit was placed in a box 
with a lamp pointing directly at the PV cell. The box blocked out all other light sources. A Lux 
meter was placed beside the PV cell to ensure the light level measured was the same as that on 
the PV cell. An ammeter and a voltmeter were each attached to the circuit measuring current 
and voltage respectively. To achieve an I-V curve, the resistor was constantly varied, measuring 
the voltage and current level at different intervals creating a sloped graph as shown previously. 
The output power was then calculated from these values and a MPP was found. When testing 
these PV cells, the light intensity levels ranged from 375 lux to 5000 lux using fluorescent, 
incandescent and LED lights. For each light level, an I-V curve was documented allowing for a P-
V curve to be created to calculate the MPP of the PV cell for each lux level. 
3.3.2.2 SLMD600H10L  
 
Using the circuit presented above, the following graph was obtained using a fluorescent light 





Figure 27: I-V & P-V Curve at 2000 Lux 
 
Voltage Power Current   Voltage Power Current 
V µW µA   V µW µA 
0.0015 0.222 148   2.99 340.86 114 
1.33 192.85 145   3.08 335.72 109 
2.18 298.66 137   3.15 330.75 105 
2.36 318.6 135   3.27 317.19 97 
2.4 321.6 134   3.32 308.76 93 
2.5 327.5 131   3.52 264 75 
2.59 334.11 129   3.68 206.08 56 
2.64 337.92 128   3.79 151.6 40 
2.74 342.5 125   3.89 89.47 23 
2.79 343.17 123   3.92 70.56 18 
2.87 344.4 120   3.96 39.6 10 
2.92 341.64 117   3.99 11.97 3 
 
Table 5: Results from IV curve 
From these results, the MPP can be found at 344.4 µW with 2.87 V and 120 µA being the 
component’s voltage and current levels respectively at this MPP. Depending on what conditions 
the user envisages this method can be used for a range of different light intensity levels. Once all 
of the data is collected, the data template that accompanies the software can be filled out which 








































Part Number : SLMD600H10L   
Size : 7.7 cm2   
Type : Monocrystalline   
Voltage Current Power Illuminance 
V µA µW  Lux 
1.94 20 38.8 375 
2.07 29 60.03 500 
2.63 55 144.65 1000 
2.87 120 344.4 2000 
3.04 190 577.6 3000 
3.17 265 840.05 4000 
 
Table 6: Data Template for SLMD600H10L 
 
Table 6 shows the data that was measured using the SLMD600H10L component for a range of 










Figure 29: MPP for different Lux values 
Figure 28 shows how different lux levels can affect the current generated by the PV cell while 




Similarly to the SLMD600H10L, the amorphous PV cell was characterized under the same 
conditions. From figure 30, it can be seen that for indoor levels amorphous PV cells can produce 
more power than monocrystalline PV cells. With amorphous PV cells being easy to produce and 
have to ability to produce more power than monocrystalline PV cells, it makes them the better 












Voltage Power Current   Voltage Power Current 
V µW µA   V µW µA 
0.002 0.4 200  3.94 646.16 164 
1.05 207.9 198  4.04 646.4 160 
1.39 272.44 196  4.14 637.56 154 
1.77 345.15 195  4.23 626.04 148 
2.52 481.32 191  4.29 622.05 145 
2.79 527.31 189  4.6 552 120 
2.91 549.99 189  4.89 454.77 93 
3.11 575.35 185  5.08 370.84 73 
3.22 589.26 183  5.18 315.98 61 
3.42 619.02 181  5.36 219.76 41 
3.6 633.6 176  5.48 142.48 26 
3.78 646.38 171  5.6 67.2 12 
3.89 645.74 166  5.66 22.64 4 
 
































In this simulation tool, the MPPT used is the FOCV method. This method was chosen due to its 
practicality and efficiency for low-power sensor networks. As mentioned in the literature review, 
the following equations are used to accurately simulate an MPPT connected to a PV cell where 
the value for 𝐾1 ranges from 0.7-0.9 and 𝐾2 ranges from 0.78-0.92 depending on the overall 
characteristics of the PV cell. 
 
𝑉𝑀𝑃𝑃  ≈  𝐾1 ∗  𝑉𝑂𝐶       (11) 
𝐼𝑀𝑃𝑃  ≈  𝐾2 ∗  𝐼𝑆𝐶       (12) 
 
From [26], [33] and [36] it was concluded that the FOCV method was the best fit for low-power 
sensor networks with an accuracy rating of 96%, which is the value used in this simulation tool. 
Using the data gathered from the 2000 lux test on the amorphous PV cell, the MPP was 646.38 
µW. 
𝑀𝑃𝑃𝐶𝐻𝐴𝑅𝐴𝐶𝑇𝐸𝑅𝐼𝑍𝐸𝐷 ∗ 0.96 ≈  𝑀𝑃𝑃𝑆𝐼𝑀𝑈𝐿𝐴𝑇𝐼𝑂𝑁                                           (13) 
646.38 µW ∗ 0.96 ≈  620.52 µW                                                     (14) 
 
Using the template provided by the software, voltage, current and component size are all 
required values. For voltage, this allows the simulation to accurately predict the charge time of 
the supercapacitor which is heavily dependent on the incoming voltage of the EH device. The 
software allows the user to manipulate the size of the components. When characterizing a PV 
cell, the current increases linearly with the total area size of the cell. The simulation tool can then 
accurately predict the output current of a PV cell for varying sizes even if a PV cell with that 










Thermoelectric generators can be useful in generating power in applications where a lot of 
thermal energy is wasted. TEGs can be used to convert some of this energy into reusable 
electrical power. Applications like BEM can find great benefit in the use of TEGs, as residential 
and commercial buildings can provide a number of areas in which thermal energy is wasted, from 
low temperature gradients on walls and windows to high temperature gradients on radiators, 
water heaters and hot water pipes. TEGs can also be installed in wearable devices, vehicles, and 
industrial factories. If TEGs are installed in these areas, the wasted thermal energy can be 
captured and used to continuously power a WSN node. 
This section will discuss how TEGs can be characterized, showing two different TEGs, how the 
simulation tool is able to read that data and what the simulation tool does with that data to 
accurately simulate power generated for a WSN. For varying degrees of temperature gradient, a 
Marlow Industries, Inc. TEG, TG12-4-01LS [76] and a Multicomp TEG, MCPE1-12706AC-S [77] 
were characterized and implemented into the software. 
To fully utilize the low-voltage that is harvested by TEGs, either multiple TEGs are used in series 
or a boost converter can be used to raise the output voltage level of the device to allow it to 
power a WSN node. 
3.4.2 Characterization 
 
3.4.2.1 Test Setup 
 
Similar to a PV cell, a TEG is also characterised using I-V and P-V curves to obtain a maximum 
power point. The circuit shown in figure 31, was used to characterize both TEGs. The aim of this 
characterisation was to see if a data template could be created where accurate WSN power 




For this test the temperature is only controlled on the hot side of the TEG which was placed atop 
a hot plate which could be varied in temperature while the cold side was attached to a heat sink 
for the purposes of maintaining a steady temperature difference between the two sides. To 
accurately read the temperature of each side of the TEG, thermocouples were attached to an 
Arduino which relayed the current temperature to a computer. For each temperature difference 
value a variable resistor was used to characterise an I-V curve, with a voltmeter and ammeter 
attached to the circuit. These results were then used to create a P-V curve. 
A thermocouple, similar to a TEG, produces a temperature dependent voltage due to the 
thermoelectric effect. For a given thermocouple each voltage reading can be interpreted as a 
temperature reading allowing for constant temperature reading of both sides of the TEG. Figure 
32 shows the lab equipment used to characterize each TEG. 
 
 











Due to it being difficult to maintain a constant temperature difference between the two sides of 
the TEG, the data acquired can vary. The results presented in figure 33 is an I-V curve of a TEG 
with a temperature difference of 20 degrees Celsius. Compared to the PV cells presented in the 
previous section, it can be seen that TEGs produce a significantly higher amount of current which 
allows them to produce more power. However, the voltage generated is far lower than that of a 
PV cell. The hot plate was not 100% accurate when displaying the temperature and it was also 





Figure 33: I-V & P-V Curve for TG12-4-01LS 
 
Voltage Power Current   Voltage Power Current 
V mW mA   V mW mA 
0.028 7.644 273   1.165 32.62 28 
0.136 34.136 251   1.25 26.25 21 
0.24 42.72 178   1.28 23.04 18 
0.41 63.14 154   1.31 8.4364 6.44 
0.553 79.079 143   1.36 6.3376 4.66 
0.866 70.146 81   1.38 3.8778 2.81 
1.024 49.152 48   1.4 0.0224 0.016 
1.095 38.325 35      
 
Table 8: Results from IV curve (TG12-4-01LS)  
Once all of the data is characterized for the TEG, the data template can then be completed. The 
TEG programmed into the simulation tool was characterized for temperature differences of 10, 






































Part Number : TG12-4-01LS   
Size: 10cm2   
Voltage Current Power 
Temperature 
Difference 
V mA mW °C 
0.192 64 12.288 10 
0.25 103 25.75 15 
0.553 143 79.079 20 
Table 9: Data Template for TG12-4-01LS 
 
 










MCPE1-12706AC-S was characterized under the same conditions and test equipment. These 
graphs and data tables are intended to allow a user to understand how the components are 
characterized and how the simulation tool handles that data, so when new components are 






Figure 36: TEG I-V & P-V Curve 
 
 
Voltage Power Current   Voltage Power Current 
V mW mA   V mW mA 
0.025 3.65 146   0.391 7.429 19 
0.028 4.032 144   0.406 5.278 13 
0.031 4.371 141   0.416 4.16 10 
0.065 8.32 128   0.443 3.544 8 
0.07 8.82 126   0.442 2.02878 4.59 
0.098 10.878 111   0.448 1.04832 2.34 
0.223 21.854 98   0.457 0.008683 0.019 
0.325 13.325 41   0.459 0.003672 0.008 
0.353 12.002 34     
 
Table 10: Results from IV curve (MCPE1-12706AC-S) 
 
 
3.4.2.4 MPPT for TEG  
 
As previously mentioned in the introduction of this section, the voltage levels are too low to 

































series or parallel to boost the device’s voltage or current respectively. For example, if 6 x TG12-
4-01LS TEGs were used in series at 20°C temperature difference, the resultant output power to 
the energy storage device would be: 
𝑇𝐸𝐺𝑉𝑂𝐿𝑇𝐴𝐺𝐸  ≈  0.553 ∗ 6 ≈  3.3 𝑉                                          (15) 
This would then increase the MPP of the device, using FOCV to: 
3.3  𝑉 ∗ 143 𝑚𝐴 ≈  471.9 𝑚W                                                     (16) 
471.9 𝑚𝑊 ∗ 0.96 ≈  453 𝑚W                                                     (17) 
Alternatively, if a user wanted to use a boost converter for their system instead of multiple TEGs, 
their output current would decrease. Using the efficiency equation for DC-DC converters, with an 









                                                                  (19) 
𝐼𝑂𝑈𝑇  ≈ 21 𝑚𝐴                                                                  (20) 
 
When selecting components for an EH-WSN, there are always trade-offs with certain 
characteristics. This is why a simulation tool such as this can be very useful to accurately find the 
optimum components for different setups. With a known constant output voltage and current, 
the power transmitted to the energy storage device is: 











In this section, the energy storage units used in this simulation tool are explored. The simulation 
tool encompasses measuring the lifetime of a supercapacitor when used in conjunction with 
either an AA, AAA or coin cell battery. The research begins by studying the characteristics of a 
supercapacitor under different charging and discharging conditions. When simulating a 
supercapacitor, two things need to be taken into account to allow the system to be as accurate 
as possible, namely leakage current and equivalent series resistance (ESR). These simulations can 
then be compared to in-lab testing. The supercapacitor tested in this section was from the 
PowerStor PHB series [78], with a voltage rating of 5 V, a capacitance of 5 F and a leakage current 




3.5.2.1 Equivalent Series Resistance 
 
Knowing the ESR value of a supercapacitor at expected operating conditions can help determine 
the suitability of a supercapacitor for a given WSN. ESR is one of the non-ideal characteristics of 
a supercapacitor which has a direct impact on the performance of the device and depending on 
the size of the ESR value, can cause huge problems when dealing with I2R losses as well as 
transients. 
In an EH application, the supercapacitor needs to take charge from low-power transducers and 
efficiently convert that stored energy to power a load. Having a supercapacitor with a high ESR 
will have a negative effect in efficiently converting power as some of that power will be lost to 
heat in the circuit. The bigger the load transients, the larger the voltage drop on the 
supercapacitor. If the voltage drop is too big, it could dip below a threshold voltage and no longer 





Figure 37: ESR effect on real-world test 
 
The PowerStor supercapacitor was tested to evaluate the ESR value of the device. The 
supercapacitor was placed in a circuit supplying a load with 67.7mA. For a more detailed 
description of the test setup and equipment used see section 4. The supercapacitor was also 
connected to a Bluno V2 board [79] which recorded the voltage level across it and stored that 
data on a laptop. The supercapacitor, starting from a charged state began to supply 67.7mA until 
it reached the minimum input voltage level of the DC-DC converter. A switch was implemented 
to disconnect it from the load and allow it to charge up until it reached 4.89 V and was then 
reconnected with the load. Figure 37 shows a voltage drop, indicated with the red circles, in the 








 ≈ 1.33 𝛺                                      (22) 
𝑃𝐸𝑆𝑅  ≈ 𝐼(𝑡)𝑆𝐶





When deciding which supercapacitor to use when designing an EH-WSN, it is critical to choose a 
supercapacitor with as low an ESR value as possible. If the voltage drop is too high for a given ESR 
value, it could result in the voltage in the supercapacitor dropping below a minimum voltage and 
not being able to provide power to the sensor node. 
 
3.5.2.2 Leakage Current 
 
Another consideration when selecting an energy storage component is its leakage current. 
Usually this value is included with the data sheet of the component. This value can then be used 
to calculate the power leakage of the supercapacitor using the following equation where PLEAK is 
the power leakage and VSC is the voltage in the supercapacitor: 
𝑃𝐿𝐸𝐴𝐾  ≈ 𝑉(𝑡)𝑆𝐶 ∗  𝐼𝐿𝐸𝐴𝐾𝐴𝐺𝐸                                                       (24) 
The supercapacitor described above can be imported into the simulation tool using the data 
template accompanying the software. The characteristics can be filled out as follows: 
Part Number : PowerStor PHB   
Rated Voltage Capacitance ESR Leakage 
V F Ω A 
5 5 1.33 0.000025 
 





Using the values discussed in this section, a simulation model to charge a supercapacitor can be 
created. Taking into account the initial energy of the supercapacitor, the power being generated 
by the EH transducer, the leakage power and the ESR power losses, equation 25 can simulate a 
charging supercapacitor. 
𝐸(𝑡)𝑆𝐶  ≈  𝐸(𝑖𝑛𝑖𝑡𝑖𝑎𝑙)𝑆𝐶 +  ∫ (𝑃𝐸𝐻 −  𝑃𝐿𝐸𝐴𝐾 −  𝑃𝐸𝑆𝑅) 𝑑𝑡 
𝑡
0




To test this equation, each energy value was converted to voltage, graphed over time and 
compared to a real-world test. 
A circuit schematic of the test can be seen in figure 38. 
 
Figure 38: Charge Circuit 
 
To measure the accuracy of this equation, a test was conducted on a supercapacitor and the 
results were gathered and compared with the simulation tool. Figure 39 shows the real-world 
test results in comparison to the simulation of a supercapacitor with a rated voltage of 5V, 
capacitance of 5F, leakage current of 25µA and ESR of 1.33Ω. The supply voltage was 4.9 V and 





Figure 39: Charge Comparison between Real-World and Simulation 
It can be seen from the graph that the simulation shows a highly consistent result with the real-
world measurement, however, additional work to the simulation could be made in order to 
improve the accuracy. An accurate depiction of a real-world supercapacitor is essential to an EH-
WSN simulation tool. Section 4 of this thesis will demonstrate the simulation tool’s capabilities 




Features such as wide input voltage range, low ESR, wide temperature range and large number 
of charge cycles without degradation, render supercapacitors a more eco-friendly option to 
power WSN as opposed to batteries. However, their lower energy density and leakage current, 
means that batteries are still an essential part in many WSN applications. In this simulation tool, 
these two types of energy storage devices are working together. When ambient energy is 
available, EH transducers can simultaneously power a WSN and charge a supercapacitor. Once 
the ambient energy is no longer available and the supercapacitor is depleted, a battery is 




at different amp-hour ratings. Batteries can be used with different materials which leads to 
different ratings, however to keep it simple, the values used in this software are an average value. 
Battery Type Capacity (mAh) 
AAA 1000 
AA 2000 
Coin cell 200 
 
Table 12: Battery Capacity 
 
These batteries have a voltage rating of 1.5 V. If a WSN is rated higher than 1.5 V, additional 
batteries would be required to power the device, or the use of a boost converter would be 
implemented. 
Throughout the simulation, the battery and supercapacitor are switching back and forth as the 
primary power source for the WSN. The point at which these two storage devices are switching 
is completely determined by the user. Once the simulation has run for a 168-hour week, the 
software adds the total time at which the battery was the primary source. First it calculates the 




∗ 0.7                                     (26) 
 
The 0.7 value is added to make allowances for external factors which can affect battery life such 
as temperature, load transients and self-leakage. This value was chosen after surveying multiple 
online battery calculators [62] [63].  Once complete, the software divides the total capacity 
lifetime, with the amount of time spent powering the device throughout the week. This gives a 









The voltage on the supercapacitor in the device is constantly varying, which means that 
additional circuitry is required to deliver a steady source. For supercapacitors to become useful 
in these circuits, a DC-DC converter is required to either increase the voltage of supercapacitor 
or decrease the voltage to the operating voltage of the sensor node. A boost converter can 
increase the voltage while a buck converter decreases it. The use of DC-DC converter results in 
the supercapacitor powering a load with steady voltage. 
 
3.6.2 DC-DC Converter 
 
A DC-to-DC converter is an electronic circuit that converts the voltage level on the input to 
another on the output. DC-DC converters are essential for EH-WSNs to provide a constant stable 
voltage at the sensor node, as the voltage in the energy storage unit varies. Low-dropout (LDO) 
regulators can also be used in these circuits, with the advantage of them being that they produce 
no switching noise as no switching takes place. The disadvantage of LDOs over switching DC-DC 
converters is that they can only step down voltage, with the reduction of the input and output 
voltages being removed as heat. If switching DC-DC converters are used the energy transfer from 
the supercapacitor to the load can be done with high efficiency. Depending on the type of DC-DC 
converter, each device has a different range of voltages at which the converter can no longer 
convert that input voltage to the specified output voltage. The efficiency rating of a DC-DC 
converter is very important when deciding which converter to use. The efficiency of a DC-DC 
converter can be defined by this equation: 
 
𝜂 ≈  
𝑉𝑜𝑙𝑡𝑎𝑔𝑒𝑂𝑈𝑇∗ 𝐶𝑢𝑟𝑟𝑒𝑛𝑡𝑂𝑈𝑇 
𝑉𝑜𝑙𝑡𝑎𝑔𝑒𝐼𝑁∗ 𝐶𝑢𝑟𝑟𝑒𝑛𝑡𝐼𝑁





However, the efficiency can vary as the input voltage varies. The DC-DC converter included in this 
simulation tool is the TPS63020. Its minimum and maximum threshold input voltages are 1.8 and 
5.5 V respectively, with an adjustable output voltage of 1.2 to 5.5 V. It is a buck-boost converter 




Figure 40: TPS63020 Block Diagram [80] 
The varying efficiencies of this converter at different input voltage levels as the output current 





Figure 41: TPS63020 - Efficiency vs. Output Current [80] 
This data can be implemented into the software as follows: 








Table 13: Data Template for TPS63020 Efficiency 
The efficiencies in the table above are an average value of the different voltages as importing 
values for each individual voltage level at each output current would not have large enough effect 
on the overall simulation to warrant that level of detail into the characteristics. 
As the efficiency varies, the maximum output current that the DC-DC converter can provide also 
varies. These values are required when designing a simulation tool to ensure that the load at the 






















Vin = 3.6V, Vout = 2.5V
Vin = 3.6V, Vout = 4.5V
Vin = 1.8V, Vout = 2.5V




input voltage. A graph detailing this maximum current was given in the datasheet and 
represented in figure 44. 
 
Figure 42: TPS63020 Max Output Current vs. Input Voltage [80] 
 
The maximum and minimum threshold voltage levels can be imported into the system with their 








































Part Number : TPS63020 
















Table 14: Data Template for TPS63020 [80] 
This will allow the simulation tool to determine when to notify the user if their system would stop 
working if the sensor node was no longer supplied power due to the cutoff point of the DC-DC 
converter. This is also crucial when factoring in leakage current when the EH is no longer 
supplying power to the supercapacitor. If a PV cell was being used to harvest energy, long periods 
where the EH could not harvest the light energy can occur. With the supercapacitor not being 
supplied power, a power losses over time will occur. This power availability drop due to the 
leakage current can be calculated using equation 24. 
The simulation assumes a linear transfer function when determining leakage to allow for easier 
functionality when using different supercapacitor types and sizes. In reality a supercapacitor’s 
leakage would be initially high but then taper off after several hours. With PV cells, they cannot 
convert energy when the lights are off. As DC-DC converters have minimum input voltages, it is 
important to factor in the voltage drop in the supercapacitor over time when selecting each 
component. For example, the TPS63020 has a minimum input voltage of 1.8 V. If a supercapacitor 
had a voltage drop of 0.2 V overnight, the system should allow the supercapacitor to charge when 
it reaches 2 V. The battery should turn on and power the sensor node, so that when light energy 
is available again, the supercapacitor can immediately power the sensor node without having to 








The main goal of this project was to be able to accurately simulate a WSN lifetime for any device. 
For any user specified device, the simulation will calculate the lifetime of the device using the 




A typical WSN sensor node has multiple power requirements for different actions that it must do 
to ensure data gathering and processing is complete.  
 
Figure 43: Full WSN 
 
Communicating with a gateway periodically means that each sensor node must have receiving 
and transmitting capabilities which often have different power requirements. There is also sleep 
and active modes for different duty cycles. Sometimes the device may need to measure every 
few seconds as opposed to every minute which drastically changes the current consumption. All 
of this can be complex and very device specific which makes it difficult to simulate during 
different modes of operation. Modelling the complex power profile of wireless sensor nodes was 




that the simulation tool could be used over as wide a range of devices as possible was to take an 
average power consumption value that is taken over at least one cycle of transmit, sleep and 
receive. Additions to the software such as these will be discussed in the Future Work section of 
this thesis. 
Equation 28 is used to simulate the operation of an EH-WSN; it combines the power requirements 
of the node with the operating efficiencies of the DC-DC converter. 
 
𝐷𝐶 − 𝐷𝐶 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑟 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 ≈  
𝑃𝑜𝑤𝑒𝑟𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝑏𝑦 𝑆𝑒𝑛𝑠𝑜𝑟 
𝑃𝑜𝑤𝑒𝑟 𝐹𝑟𝑜𝑚 𝑆𝐶
                         (28) 
 
For example, a sensor node that operates at 3.3 V and requires 10mA of current using a DC-DC 
converter with 90% efficiency results in: 
 
𝑃𝑜𝑤𝑒𝑟 𝐹𝑟𝑜𝑚 𝑆𝐶 ≈  𝑃𝑊𝑆𝑁 ≈  
3.3∗0.01 
0.9
 ≈  36.67 𝑚𝑊                                       (29) 
 
Every building block of an EH-WSN has been explained, characterized and modelled. Based on 
those characterizations, the simulation tool can simplify and summarize an energy flow model 
using the following equation: 
𝐸(𝑡)𝑆𝐶  ≈  𝐸(𝑖𝑛𝑖𝑡𝑖𝑎𝑙)𝑆𝐶 +  ∫ (𝑃𝐸𝐻 −  𝑃𝑊𝑆𝑁 −  𝑃𝐿𝐸𝐴𝐾 −  𝑃𝐸𝑆𝑅) 𝑑𝑡 
𝑡
0
                  (30) 
 
Where E(t)SC is the amount of energy in the supercapacitor at any given time, 
E(initial)SC is the initial energy is the supercapacitor at the start of the simulation, 
PEH, PWSN and PLEAK are the energy harvesting power, WSN power and the supercapacitor leakage 






This chapter went into detail of each the components used in a EH-WSN and how they are 
characterized and used in the simulation tool. By adjusting the parameters of the components in 
the simulation tool, the user can find the optimum power setup for their device. In the next 
























In this final chapter, a comparison between the simulation tool and a real-world test will be made. 
The sensor node used in the real-world simulation was a “LoPy4 Pycom” [81] device. The LoPy4 
is a compact quadruple network MicroPython enabled development board with the ability to 
communicate using Wi-Fi, Bluetooth, Sigfox and LoRa. The device was connected to a 
supercapacitor, through a DC-DC converter, and a power supply. The supercapacitor was initially 
fully charged while it powered the device. Once the supercapacitor reached the minimum input 
voltage of the DC-DC converter, a switch was implemented to begin charging the supercapacitor 
to a turn-on voltage determined before the test while the LoPy4 device was no longer receiving 
power from the supercapacitor. While in this test, the device was switched off when the 
supercapacitor was charging, in a deployable WSN, the device will never lose power as a battery 





Figure 44: LoPy4 Pycom Device [81] 
 
During the test, circuit diagram in figure 47, the LoPy4 was programmed to operate at 90mA. This 
was achieved by switching off the Wi-Fi, Bluetooth and Sigfox capabilities, leaving the LoRa as the 




technology. This communication protocol enables long-range transmissions with low-power 
consumption. This device was connected to a supercapacitor which was then connected to a 
power supply. The goal of this test was to measure the voltage of the supercapacitor as it charged 
and discharged to compare with a simulated test under the same conditions. The voltage across 
the supercapacitor was recorded using a Bluno V2.0 board which was connected to a laptop via 
a USB cable. The voltage data was stored and graphed once the test was complete. The Bluno 
V2.0 board recorded the voltage over time with a ±0.15V error rate. 
 
Figure 45: Bluno V2.0 [79] 
 
While in the performed test there was no battery, the test was performed to imitate this circuit 
where the load was constantly powered. The PowerStor PHB supercapacitor was the same 
component hardcoded into the simulation which was described in the previous chapter. To mimic 
a TPS63020, a commercial evaluation board was used, TPS63020evm-487. This evaluation board 





Figure 46: TPS63020evm-487 [82] 
 
The power supply connected to the supercapacitor was set to 5 V with a 32Ω resistor attached. 
The value for the resistor was chosen after using equation 7 to calculate the time needed to 
charge the supercapacitor using a 5 V power supply. The desire was to have the charge time of 
the supercapacitor be similar to the discharge time so as to fit as many data points on to the 
graph. The circuit diagram for the entire setup can be seen in figure 49 while a picture showing 
the setup can be seen in figure 48. 
 





Figure 48: Lab Setup Circuit 
 







4.3 Governing Energy Equation 
 
Equation 30 is the governing energy equation used in the simulation to describe and predict the 
results of the real-world test. The following set of equations will show how the different 
parameters are used in that equation.  
Power is a product of current multiplied by voltage. With the voltage constantly varying, so too 
was the supply current. 
𝑃(𝑡)𝐸𝐻 ≈  𝑉 ∗ 𝐼 ≈ 𝑉(𝑡)𝑆𝐶 ∗ 𝐼(𝑡)𝑅  ≈  𝑉(𝑡)𝑆𝐶 ∗  (
𝑆𝑢𝑝𝑝𝑙𝑦 𝑉𝑜𝑙𝑡𝑎𝑔𝑒− 𝑉(𝑡)𝑆𝐶
𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒
)            (31) 
Where V(t)SC is the voltage across the supercapacitor over time. 
Using the buck boost evaluation board DC-DC converter, the current and voltage supplied at the 
input also needed to be calculated. With efficiency losses in the DC-DC converter, more power 
needs to be supplied than is required by the end sensor node. The LoPy4 was set at 3.3 V 
consuming 90 mA. Using the efficiency equation for DC-DC converter, with the known voltage 
across the supercapacitor, the current supplied by the supercapacitor can be acquired.  
𝜂 ≈  
𝑉𝑜𝑙𝑡𝑎𝑔𝑒𝑂𝑈𝑇𝑃𝑈𝑇∗ 𝐶𝑢𝑟𝑟𝑒𝑛𝑡𝑂𝑈𝑇𝑃𝑈𝑇 
𝑉𝑜𝑙𝑡𝑎𝑔𝑒𝐼𝑁𝑃𝑈𝑇∗ 𝐶𝑢𝑟𝑟𝑒𝑛𝑡𝐼𝑁𝑃𝑈𝑇
                                                  (32) 
 
However, as discussed previously the efficiency of the DC-DC converter is dependent on the 
output current and the input voltage. Using the information gathered from the datasheet, the 





Figure 50: Efficiency vs Output Current for a range of input voltages [82] 
 
At 90 mA with a set output voltage of 3.3 V, the constant WSN power required is 297 mW. As the 
efficiency of the converter changes, the input power required by the DC-DC converter to maintain 
297 mW changes. Using figure 50 a table was made to store the varying efficiencies of the DC-DC 
converter. This data table is used to maintain accuracy in the simulation by simulating the correct 
input power required by the LoPy4 as the efficiency of the DC-DC converter changes. 




5 – 4.2 84.5 
4.2 – 3.6 86 
3.6 - 3 90 
>3 89.5 
 



























These numbers can then be used to calculate the power supplied by the supercapacitor. 
Rearranging equation 32, 
𝑃(𝑡)𝑊𝑆𝑁 ≈  
𝑉𝑜𝑙𝑡𝑎𝑔𝑒𝑂𝑈𝑇𝑃𝑈𝑇∗ 𝐶𝑢𝑟𝑟𝑒𝑛𝑡𝑂𝑈𝑇𝑃𝑈𝑇 
𝜂
                                          (33) 
Efficiency  
(%) 







Table 16: Input Power at different efficiencies 
 
From the previous chapter, the leakage current of this supercapacitor is 25 µA. Using equation 
24, the leakage power can be calculated. 
Power dissipation due to ESR in the supercapacitor can be calculated by multiplying the ESR value 
by the square of the supercapacitor’s operating current as shown in equation 23. 
When the supercapacitor has reached its minimum energy availability, the load is disconnected 
from the DC-DC converter, allowing the supercapacitor to recharge. The “pycom” is switched to 
receive power from the battery. Using the circuit presented in figure 49, it can be seen that when 
the load is disconnected, the DC-DC converter still receives current in the form of quiescent 
current and the supercapacitor continues to have leakage and ESR losses. This change in current 
is accounted for in equations 34, 35 and 36.   
𝑃(𝑡)𝐸𝐻 ≈ 𝑉(𝑡)𝑆𝐶 ∗ (
𝑉𝑆𝑈𝑃𝑃𝐿𝑌− 𝑉(𝑡)𝑆𝐶
𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒
− 𝐼𝐷𝐶−𝐷𝐶 𝑄𝑢𝑖𝑒𝑠𝑐𝑒𝑛𝑡)                              (34) 
 





𝑃(𝑡)𝐸𝑆𝑅 ≈  𝐸𝑆𝑅 ∗ (
𝑉𝑠𝑢𝑝𝑝𝑙𝑦− 𝑉(𝑡)𝑆𝐶
𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒
−  𝐼𝐷𝐶−𝐷𝐶 𝑄𝑢𝑖𝑒𝑠𝑐𝑒𝑛𝑡 −  𝐼𝐿𝐸𝐴𝐾)
2
                (36)                                                                    
 
P(t)LEAK during this period is still governed by equation 24. 
From there, equation 37 is used to calculate the voltage in the supercapacitor and then graphed 
over time to allow the user to continually refine the component parameters in the software. 
This is done by rearranging equation 6. 
𝑉(𝑡)𝑆𝐶 ≈  √
2∗𝐸(𝑡)𝑆𝐶
𝐶




Using the minimum voltage specifications from the DC-DC converter of 1.52 V, the supercapacitor 
was disconnected from the load and allowed to recharge once it reached that level. It would then 
switch back to powering the device once it reached 4.6 V. Using these equations, the results from 





Figure 51: Real-World vs. Simulation 
Figure 51 shows the voltage over time in the supercapacitor for both the real-world and the 
simulated test as it charges and discharges. Based on these results, table 17 and 18 show that 
the simulation was able to match the supercapacitors discharge profile with 98.9% accuracy while 
the charge profile predicts with an 89.5% degree of accuracy. In both instances the general shape 
of the charge/discharge curve looks good except when charging between around 4 and 4.5V 








1 462 411 
2 462 411 
3 453 411 
Average 459 411 




𝐶ℎ𝑎𝑟𝑔𝑒 𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 =  
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑆𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑅𝑒𝑎𝑙−𝑊𝑜𝑟𝑙𝑑
∗ 100 =  
411
459








1 281 279 
2 247 250 
3 246 250 
4 244 250 
Average 254.5 262.25 
Table 18: Discharge Time Comparison 
 
𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 =  
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑅𝑒𝑎𝑙−𝑊𝑜𝑟𝑙𝑑
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑆𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛
∗ 100 =  
254.5
257.25




Taking the exact voltage values from this data and calculating the difference between the 
simulation and real-world test, it was found that the simulation had a margin of error of 
±0.21801V. 
With the simulation tool proven to be accurate, what makes it a desirable application for 
designers and engineers is its ability to run simulations for different component types and sizes. 
The visualization of this software is presented in the appendix of this thesis and will show how a 





5 Conclusions & Future Work 
 
In this thesis, a simulation tool that predicts the lifetime of energy-harvested wireless sensor 
networks is presented.  
WSN nodes consist of multiple nodes populating a particular region, all coordinating with each 
other. These systems are designed on an ad hoc basis, to sense, collect and process data. The 
one thing that is constant in these systems, however, is power. With current battery technology, 
batteries are unable to last long enough to provide power to a WSN node for the application 
lifetime of the embedded sensor. EH holds the key to sustainable data collection by making 
batteries outlive the devices they power.  
Based on the comparison between a real-world scenario and the simulation data, the software 
can potentially predict the lifetime of a wireless sensor network with a high degree of accuracy. 
However, there is a noticeable margin of error in the results. This is likely to be due to a 
combination of reasons that need further work, but the following should be noted. Firstly, as 
mentioned, a Bluno V2 board was used to measure the voltage in the “Real-World” test which 
had a margin of error of ±0.15V. Also, while the resistor was measured to be exactly 32.77 Ω, the 
capacitance of the supercapacitor was taken from the datasheet as the rated capacitance. Some 
simplifying assumptions were used for charging such as taking all of the current from the resistor 
to be entering the supercapacitor when in reality a small percentage will go into the DC-DC 
converter, acting in quiescent/no load mode. Correspondingly, it is approximated that when the 
supercapacitor is discharging that all of the source current for the DC-DC converter comes from 
the supercapacitor. However, over a given cycle these approximations should more or less 
‘balance out’ but cause a small net approximation error. 
With the implementation of a standardised way of characterising components, this simulation 





For future work, more in-depth analysis of the real-life charging and discharging currents should 
be undertaken via metrology and closer interaction with the supercapacitor vendor to 
understand device behaviour particularly in the 4-4.5V charging region. In particular the 
previously mentioned approximation error assumptions need to be validated and their 
magnitude assessed. The DC-DC converter will also be in ‘no load’ rather than quiescent 
operation so its characteristics in this mode need to be characterised.  This should lead to more 
accurate calculations in future iterations of the model. The way that the software is setup allows 
for this, as each component has its own separate function, allowing for individual component 
improvements to the system as a whole. 
Another addition to this project could be that this tool be made available online where every 
component added to the system can be available for everyone to use, increasing the adoption of 
WSN solutions and giving end users methodology to determine and optimise battery life. A 
Horizon 2020 project titled EnABLES [64] is currently integrating key European research 
infrastructures in powering the IoT. One of their goals is to create a standardized way of 
characterising components so they can become inter-operable. The models of the components 
in this simulation tool will be available with the software, with the goal of expanding the library 
of components as the simulation tool gets used.  
With all objectives accomplished and providing additional insight into where this project could 
be enhanced, it can be concluded that this project was successful in creating a modelling and 










The main page of the GUI where all of the different components can be selected is presented in 
figure 52. This is where the user can select each component and see the results of each 
simulation. 
 
Figure 52: ReCO2ST GUI 
The buttons at the top of the page allow the user to navigate to the different sections and select 






Figure 53: ReCO2ST GUI buttons 
 
Figure 54 shows the requirements for adding a sensor node to the simulation. Once the sensor 
window opens, the user can select the operating voltage and average operating current of the 
sensor node being simulated. Once that data is entered, the values are stored until the user is 
ready to run the simulation. 
 
 




When selecting the EH, the user has two options, PV or TEG. Once selected, additional dropdown 
menus open up allowing for further modification to the EH device. 
 
 














Figure 56 shows the full data requirements for simulating an EH transducer, as well as the 
ambient energy available throughout the simulation. The user can select the component model, 
the size of the component and the ambient light levels. For TEGs the user can select the 
temperature difference between the two sides. 
Also, if the user requires an additional DC-DC converter from the EH transducer to the 
supercapacitor, it can be selected here. 
 
 










Figure 57 shows the ES section. The user must input all of these values, including which battery 
is being used in the simulation to power the device. Once the supercapacitor characteristics are 
chosen, the user must then decide the turn-on voltage and the minimum voltage of the 
supercapacitor. These values can have a significant effect on the simulation. 
 
 












The final section in the GUI is the DC-DC converter. Depending on the operating voltage required 
by the sensor node, multiple options are available to the user. For this section a drop down menu 
containing hard-coded models can be selected. 
 
 
Figure 58: Select DC-DC Converter 
 
For each section, if a user wishes to use a component not listed in the simulation, they must press 
the “Add a component” button in each section and navigate to the file containing that 
components data. However, new components must follow the template provided with this 










Figure 59 shows the user what is happening in the live simulation over 1 week, whether the 
sensor is receiving power or not, as well as the voltage level in the supercapacitor. 
 
 
Figure 59: Dynamic Simulation Conditions 
 
Once the simulation is complete, the software calculates and compares the lifetime of the device 
using solely batteries with the lifetime of the device utilizing EH methods to extend the battery 
lifetime. 
 




Figure 61 and 62 notify the user if the device is being powered by EH or if it is being powered by 
the battery. As the simulation is running, one of these images will always be shown thereby 
informing the user when the WSN is receiving power from ambient energies or battery power. 
 
Figure 61: Using EH Indicator 
 
 








Figure 63 shows the 1-week simulation in progress. The lifetime comparison, simulation 
parameters and the 1-week simulation can all be seen. This simulation shows the user the voltage 
level in the supercapacitor at every hour. The top left image shows the user that the WSN is 
receiving battery power. The device lifetime is already calculated in the top right of the image. 
The dynamic graph at the bottom of the image shows the voltage in the supercapacitor over time. 
 
 













The dynamic graph is shown so that a user can know when the WSN is dropping below the minimum 
voltage and can better understand which component needs to be changed in order to optimize the set-
up of the WSN. 
For more granular detail of the simulation, an additional graph is presented showing the voltage level in 
the supercapacitor at every second throughout the week, as well as every parameter selected by the user. 
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